Aim: Glucose stimulates insulin secretion from pancreatic islet β cells by altering ion channel activity and membrane potential in the β cells. TRPV1 channel is expressed in the β cells and capsaicin induces insulin secretion similarly to glucose. This study aims to investigate the biophysical properties of the β cells upon stimulation of membrane channels using an atomic force microscopic (AFM) nanoindentation system. Methods: ATCC insulinoma cell line was used. Cell stiffness, a marker of reorganization of cell membrane and cytoskeleton due to ion channel activation, was measured in real time using an integrated AFM nanoindentation system. Cell height that represented structural changes was simultaneously recorded along with cell stiffness. Results: After administration of glucose (16, 20, and 40 mmol/L), the cell stiffness was markedly increased in a dose-dependent manner, whereas cell height was changed in an opposite way. Lower concentrations of capsaicin (1.67×10 -9 and 1.67×10 -8 mol/L) increased the cell stiffness without altering cell height. In contrast, higher concentrations of capsaicin (1.67×10 -6 and 1.67×10
Introduction
Pancreatic β-cell responses to glucose and capsaicin stimulation Pancreatic β-cells are one of the main physiological units of the endocrine pancreas [1] , and they constitute about 65 to 90 percent of the islet cell population. Insulin, produced and released from pancreatic β-cells, is an important hormone that is involved in blood glucose homeostasis. In response to glucose stimulation, insulin is secreted from β-cells, a process known as stimulus-secretion coupling [2] . The resting potential of the β-cell membrane is determined primarily by the activity of ATP-dependent potassium channels (K ATP ). When the plasma glucose level increases, glucose uptake and the β-cell metabolic rate will be enhanced, leading to the closure of K ATP as the ATP/ADP ratio increases. As a result of the closure of K ATP , the membrane potential changes, leading to the opening of voltage-gated calcium channels due to membrane depolarization. The increased cytoplasmic calcium concentration will ultimately result in insulin secretion ( Figure 1 ). In addition, β-cell responses are synchronized with an oscillatory pattern, displaying pulse-like insulin secretion [3] . Capsaicin, the main ingredient of hot peppers, is a specifi c activator of the transient receptor potential vanilloid type 1 (TRPV1) channel, also known as the capsaicin receptor. Accumulating evidence showed that capsaicin-sensitive afferent nerves play a regulatory role in insulin secretion [4] . Studies also showed that activation of TRPV1 expressed in pancreatic islet β cells may modulate insulin secretion [5] . Despite the fact that capsaicin may activate TRPV1 leading to altered insulin Nanomechanical analysis of insulinoma cells after glucose and capsaicin stimulation using atomic force microscopy Rui- secretion, the mechanisms underlying capsaicin mediated insulin secretion are largely unknown. The electrophysiological properties of ion channels are important for cellular and organ function, and an ion channel defect in pancreatic islet β cells may lead to metabolic disorders. As such, these ion channels have been widely studied from various perspectives, most of which have made use of the patch-clamp technique to study the electrical activities of cells. While effective, the patch-clamp technique is very time consuming and demands highly skilled workers. Alternatively, other biophysical features may serve as biomarkers for assessing ion channel activities. Indeed, it has been shown that alterations in ion channel activity leading to insulin secretion would change the physical state of the cell membrane [6] and cytoskeleton [7] . Membrane bilayer stiffness depends on membrane protein confi guration and deformation. The activation of ion channels can alter protein formation, the curvature of the membrane bilayer, and possibly the overall mechanical behavior of the cell [8, 9] . Accordingly, this study was intended to develop a new technique to study the physical properties of pancreatic insulin secreting cells by characterizing the nanomechanical properties of a single cell or cell population in order to identify unique biomarkers that respond to general or specifi c channel activators.
Mechanical property characterization using an atomic force microscopic (AFM) nanoindentation system AFM utilizes a cantilever with a sharp tip to probe the surface topography of various materials. AFM operates the cantilever to move across the sample surface in a raster scan. The fi ne scan motion was driven by a piezoelectric actuator with a high step resolution. During the scan, the interaction force between the scanning AFM tip and the sample surface bends the cantilever. A laser, which refl ects back from the cantilever, records the defl ection by readings of the laser spot position on a position sensitive device. The vertical movement of the piezoactuator, which keeps either the tip at a constant distance from the sample (contact mode) or the cantilever in constant oscillation amplitude (tapping mode), forms the topography image. The schematic drawing of the working principle of AFM is shown in Figure 2A . AFM works perfectly well in liquid and makes measurements in real time, features that are ideal for biological applications and have unparalleled advantages over other high resolution imaging systems, including electron microscopy. Obtaining nanometer resolution images of cell membranes, DNA molecules and other biological structures has become possible with the recent development of AFM systems.
In addition to imaging, AFM is a natural nanoindenter, a feature that can be employed to probe the mechanical properties of materials. In nanoindentation mode, AFM drives a sharp tip into contact with the cell membrane and, consequently, deforms the membrane. By evaluating the indentation force and the indentation depth, the mechanical properties of the cell membrane may be obtained. The process will generate force-displacement curves as shown in Figure 3 . A Hertzian model is often used to fi t the curve and to generate the Young's modulus value [10] . When performing the force measurement on the same location of the cell, the AFM tip is drawn into contact by the interaction force (mainly van der Waals adhesive forces) between the tip and cell membrane. The contact point is indicated schematically by the square in the force curve shown in Figure  3 . When there are changes in the sample height, the contact point in the following force-displacement curves will correspondingly change in position as indicated by the laser spot ( Figure 2B ). Therefore, the relative cell height can be obtained Figure 1 . The stimulus-secretion coupling model of β-cells. Increased plasma glucose levels will increase the intracellular ATP/ADP ratio after glucose uptake by cells, which leads to the closure of ATP-dependent potassium channels, membrane depolarization, and the increase in intracellular Ca 2+ concentrations that result in insulin secretion. Figure 2 . (A) AFM working principle. Briefl y, the piezoelectric actuator drives the cantilever with a sharp tip at the end to perform a raster scan on sample surfaces. As it scans across the surface, the interaction force will bend the cantilever, and the bending is recorded by a laser refl ected back from the cantilever. By maintaining the tip at a constant distance from the sample, a topography image is formed. (B) The initial contact point, indicated in Figure 2 as a square, indicates the relative height of the sample. By recording the laser position of the contact point, the dynamic cell height can be obtained.
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AFM for the study of β cell ion channel activities AFM has been applied to study biomarkers for a number of biological events [11] [12] [13] . In these events, changes in physiological conditions led to the reconfi guration of cell membranes and cytoskeleton structures. Cells exhibited distinct mechanical properties, including stiffness and viscosity, due to an altered cellular structure. Thus, AFM-based high resolution imaging and high sensitivity force measurements for characterizing structural and mechanical biomarkers are feasible. For example, AFM has been used for the dynamic observation of mechanical property changes during the loss of cellular adhesion and apoptosis [13] . Using a similar strategy, this study aims to observe the physical changes of cell membranes in response to glucose and capsaicin stimulation in real time. The ability of AFM to record interaction forces and cell stiffness changes in the nanoscale in real time would provide a fresh perspective on these events.
Materials and methods

Cell culture
The insulinoma cells (ATCC, Manassas, VA, USA) were cultured to confl uence in RPMI-1640 medium (Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum and 1% penicillin and streptomycin at 37 °C in a humidifi ed atmosphere containing 5% CO 2 . The cells were then seeded onto glass coverslips until reaching confl uency.
Glucose stimulation
Before each glucose stimulation experiment, the coverslips were placed in a petri dish with 5 mL of low glucose medium (2 mmol/L) for 90 min until equilibrium was reached. For glucose stimulation, volumes of 100 μL, 50 μL, or 40 μL of high glucose medium (2 mol/L) were added to the petri dish to make the fi nal glucose concentrations 40 mmol/L, 20 mmol/L, or 16 mmol/L, respectively. A total of 100 μL of low glucose medium was added to a separate petri dish as a control.
Capsaicin stimulation
Before each capsaicin stimulation experiment, the coverslips were placed in a petri dish containing 5 mL of Hanks' buffered salt solution (HBSS) for 90 min until equilibrium was reached. For capsaicin stimulation, 1 mL of HBSS medium with capsaicin concentrations of 10 nmol/L, 100 nmol/L, 1 μmol/L, and 10 μmol/L were added to the petri dish to obtain fi nal concentrations of 1.67×10 -9 mol/L, 1.67×10 -8 mol/L, 1.67×10 -7 mol/L, and 1.67×10 -6 mol/L, respectively. HBSS 1 mL was added to a separate petri dish as control.
AFM measurements
The insulinoma cells at equilibrium in the low glucose medium or HBSS were directly observed under the AFM equipped with an inverted microscope underneath. For statistical analysis, AFM nanoindentations were performed on 100 randomly selected cells before and after the stimulation. For the dynamic observation, 20 force displacement curves were taken as the baseline before the addition of glucose or capsaicin. After stimulation, force displacement curves were taken at a frequency of 1 Hz to dynamically monitor the stiffness change in real time for 1 h. To obtain higher sensitivity and to prevent the potential damage of the delicate cell membrane by the sharp AFM tip, the force applied to indent the cell was kept at a minimum. The maximum force applied was maintained below 10 nN, with the resulting deformation less than 100 nm, and all force curves were taken at a loading rate of 1 Hz. Meanwhile, the contact point of the cantilever with the cell membrane was recorded to denote the relative cell height. Figure 4 shows an optical image with the AFM cantilever Figure 3 . A typical force displacement curve with the contact point marked. The vertical motion will bring the AFM tip into contact with the cell and deform the cell (approach curve), followed by a retraction of the tip (retract curve). During the process, by recording the cantilever defl ection (Y axis) with regard to the vertical displacement of the scanner (X axis), the force displacement curve is formed. The contact point is marked schematically as a square in the fi gure showing the point where the initial contact between the AFM tip and the sample is established. Force displacement curve processing In the AFM nanoindentation experiment, a conically shaped AFM tip with a silicon nitride cantilever (Bruker-nano, Santa Barbara, CA, USA) was used. The spring constant, which was 0.06 N/m, was calibrated using the thermal tune method. The applied force can be calculated by Hooke's law where: F=kd, where d is the defl ection of the cantilever and k is the spring constant of the cantilever. According to the Hertzian model, for a conical shaped tip, the relationship between indentation and deformation is defi ned as:
where α is the half angle of the cone-shaped tip, ν is the Poisson ratio, F is the applied force, δ is the indentation depth and E is the Young's modulus value. Young's moduli can be generated by fi tting a force displacement curve. The half open angle of the tip is 17.5° and we used 0.5 as the Poisson ratio. A Matlab routine was developed to automate the calculation process.
Results
Glucose stimulation and stiffness measurement For elasticity measurements, the Young's moduli calculated from the fi rst 20 force curves before switching to high glucose were averaged as the baseline. The moduli from the first 20 min of measurements after the addition of high glucose medium were averaged as the positive results. As shown in Figure 5A , the normal Young's modulus value for insulinoma in low glucose medium was around 7.0 kPa. The addition of high glucose medium increased the cell stiffness, and the increase displayed a dose-dependent pattern. The modulus increase resulting from the 40 mmol/L glucose stimulation was more than one fold, reaching 14.8 kPa. The 16 mmol/L glucose stimulation increased the stiffness to 13.9 kPa, while the 20 mmol/L glucose stimulation increased the stiffness to 14.2 kPa. The control showed no signifi cant changes in stiffness in response to low glucose stimulation. For the relative height capture, dynamic monitoring showed that there was a sharp decrease in cell height around 120 nm at the onset of stimulation as indicated by the point scatter in Figure 5B . The decrease of cell height was accompanied by the sharp increase of stiffness as shown in Figure 5B . The addition of high glucose medium occurred at 11 min, and the fi nal glucose level was 20 mmol/L. As the experiment continued, the cell height gradually recovered, and the stiffness gradually decreased. Figure 6 shows the relationship between glucose concentration and cell height and stiffness, demonstrating that the increase in glucose concentration causes substantial changes in cell height and increases cell stiffness. The capsaicin stimulation experiment was carried out in a similar fashion as the glucose stimulation experiment. However, unlike the glucose experiment, changes in stiffness after capsaicin stimulation were absent in some cells because they did not respond to capsaicin. Thus, we adopted a statistical approach by measuring the nanomechanical properties of a cell population from which the general cell property might be drawn. This approach has been used by a number of nanomedicine related studies [12, 14] . A total of 100 randomly selected cells were used prior to stimulation for baseline measurements. Thirty minutes after the addition of capsaicin, measurements were made on the same number of cells. Dosedependent experiments of capsaicin were performed in the same fashion as in the glucose studies, and capsaicin was added in the following concentrations: 1.67×10 -9 , 1.67×10 -8 , 1.67×10 -7 and 1.67×10 -6 mol/L. Note that the Young's moduli of the insulinoma cell population has a normal distribution with one peak value (population mean) around 7.0 kPa, as indicated above. The dose studies showed that 1.67×10 -9 mol/L and 1.67×10 -8 mol/L capsaicin caused changes in the physical properties of the cell population. The change was displayed as the change in peak percentile and the emergence of another peak at a higher Young's modulus value in the cell population ( Figure 7A3 and 7A4), indicating that stiffness was increased in a portion of the cell population after stimulation. Thus, based on the responses, two groups had been identifi ed: cells incapable of responding to capsaicin stimulation sitting in the lower stiffness value peak and cells with responses to capsaicin stimulation residing in the higher stiffness value peak. In contrast, higher concentrations of capsaicin (1.67×10 -7 and 1.67×10 -6 mol/L) had no effect on the cell physical properties as shown by the histogram in Figure 7A1 and 7A2. The dosedependent experiments were summarized in the cumulative distribution in Figure 7B with the horizontal line indicating the 50th percentile. As shown in Figure 7 , there was a clear stiffness shift at the 50th percentile line for 1.67×10 -9 mol/L and 16.7×10 -8 mol/L capsaicin stimulation compared to the unstimulated cells and the control. This was also confi rmed by performing the mean value and deviation analysis as shown in Figure 7C .
Dynamic observation of stiffness and cell height after stimulation
The dose-dependent statistical analysis indicated that subgroups in the cell population responded differently to capsaicin stimulation. We next aimed to defi ne the dynamic changes of cellular nanomechanical properties. A single cell was observed through the whole stimulation process with continuous measurement. This time-lapse experiment was similar to the glucose stimulation experiment for monitoring dynamic stiffness changes and height changes. The stimulation was carried out with 1.67×10 -9 mol/L capsaicin that was added at 21 min. Before the addition of capsaicin buffer, the cell was observed for 20 min to obtain a baseline. The stiffening effect was not observed immediately following the stimulation, but it occurred about 10 min after capsaicin administration ( Figure  8, bar) . The cell Young's modulus increased from 7.0 kPa to 11 kPa and was maintained at this value throughout the experiment. However, the stiffening effect of capsaicin was not accompanied by a change in cell height (Figure 8 , point scatters), as an overlaid point scatter plot indicated that the cell maintained the same height during the experiment.
Given the inhomogeneous nature of a cell body where different sites of a cell may respond differently to the applied indentation force, we wanted to ensure that inhomogeneity per se would not overshadow the true physiological state of the cell. To reach this goal, each cell was examined at three different locations on the membrane as depicted in Figure 9 : at the nucleus located at center of the cell, at the midpoint between the center and boundary of the cell, and at the boundary of the cell. Cells were examined in this fashion, and the results were plotted along with the mean of three measurements ( Figure  10A ). The mean value of the three measurements for each cell was then plotted in a histogram ( Figure 10B ) displaying a normal distribution with the peak value at 7.0 kPa, which is consistent with previous observations.
Discussion
As elucidated in Figure 1 , it is known that increased glucose concentrations lead to changes in membrane potential and insulin secretion through glucose uptake [15] . The process is known as stimulus-secretion coupling [2, 16, 17] . With nanomechanical analysis, the results from the present study show for the fi rst time that cell stiffness increases in a dose-dependent manner in insulinoma cells subjected to glucose stimulation. In addition, cell height decreases with increased glucose concentrations in a synchronized fashion with stiffness changes as revealed by real time AFM nanoindentation measurements. Moreover, capsaicin has been shown to induce insulin secretion either via capsaicin-sensitive afferent neuron-mediated effects [4] or through activation of TRPV1 expressed in pancreatic islet β cells [5, 18] . AFM nanomechanical analysis of capsaicin stimulation in the present study reveals a distinct pattern of stiffness changes and dose-dependent effects from glucose stimulation; capsaicin at low (10 -9 mol/L and 10 -8 mol/L), but not high, concentrations was able to increase stiffness without altering cellular heights in insulinoma cells.
Accumulating evidence has shown that altered ion channel activities occur and lead to insulin secretion [17, [19] [20] [21] . Altered ion channel activity may cause reorganization of the cellular membrane and cytoskeleton, resulting in changes of cellular stiffness [6] [7] [8] . Using an integrated AFM imaging system, we were able to measure cell stiffness and structural changes simultaneously upon stimulation of glucose and capsaicin (both known to alter ion channel activity and insulin secretion) on the nanoscale in real time. Distinct nanomechanical properties of insulinoma cell responses to glucose and capsaicin have been identifi ed, which may indicate that a unique bio-nanomechanical signature is linked to a specifi c stimulussecretion coupling of pancreatic islet cells that leads to insulin secretion.
Following glucose stimulation, we observed rapid decreases in cellular height. This physical change of cells may be explained by a number of glucose effects. In addition to altering ion channel activity, glucose may also change osmolarity, which may affect the configuration of the cellular structure. Before reaching equilibrium by glucose uptake, osmolarity outside of cells may be higher than that inside after glucose administration, which may lead to cellular shrinkage and contribute to increased cellular stiffness. Thus, increased cell stiffness after glucose administration may be attributed to altered ion channel activity and changes in osmolarity. In contrast, cells remain the same height in response to capsaicin administration, indicating that the shrinkage of cells due to altered osmolarity was absent in the capsaicin experiments. Moreover, cell stiffness increased only at low doses of capsaicin without altering cell height, further ruling out the possibility that concentrations of capsaicin may alter osmolarity and, therefore, cell stiffness. These results are consistent with a previous report where capsaicin induces insulin secretion only at low doses [5] . The nature of small changes in cell stiffness presents a daunting challenge for detecting and capturing these changes. mol/L and 1.67×10 -7 mol/L, respectively. Each datum is expressed as the mean±SEM (n=100).
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Acta Pharmacologica Sinica npg optical microscopy assessment of intracellular Ca 2+ concentrations, the next generation of the AFM system would indeed be a powerful tool to not only study pathophysiological events of ion channels and other molecules but also facilitate drug discovery. With the use of the AFM nanoindentation system, forces less than 10 nN can be applied, and the resulting changes in cell stiffness can be detected. Such a unique capability and the ultra-high sensitivity of the AFM nanoindentation system are indeed advantageous for studies focused on the cellular and molecule levels. Such an approach may provide insight into pancreatic β-cell stimulation secretion responses with a fresh perspective. With future development aimed at integrating AFM with traditional capabilities, including patch-clamp aptitude for measurement of ion channel activity and fl uorescence 
